Rib-vertebrae (rv) is an autosomal recessive mutation in mouse that affects somite formation, morphology, and patterning. Expression of Notch pathway components is affected in the paraxial mesoderm of rv mutant embryos, and rv and a null allele of the Notch ligand Delta1 show non-allelic non-complementation. By fine genetic mapping and complementation testing we have identified Tbx6, a gene essential for paraxial mesoderm formation, as the gene mutated in rv. Compound heterozygotes carrying a Tbx6 null allele and rv show a phenotype that is milder than in homozygous Tbx6 null but more severe than in homozygous rv mutants. Tbx6 expression is down-regulated in rv mutant embryos. An insertion in the promoter region upstream of the transcriptional start is present in the genome of rv mutants but not in different strains of mice wild type for Tbx6. Our results indicate that rv is a regulatory mutation of Tbx6 causing a hypomorphic phenotype. q
Introduction
Somitogenesis is a fundamental patterning process in vertebrate embryos that subdivides the paraxial mesoderm into a metameric series of homologous subunits, the somites. The metamerism of the somites lays the basis for the segmented arrangement of the somite-derived axial skeleton (Christ and Ordahl, 1995; Gossler and Hrabe de Angelis, 1998) . Somites form sequentially by segmentation of tissues at the anterior end of the presomitic mesoderm (psm). The progression of somite segmentation is coupled with a molecular oscillator referred to as the 'segmentation clock'. The segmentation clock is revealed by the cyclic expression of genes in the psm whose periodicity is tightly coordinated such that one wave of expression passes through the psm during the formation of one somite (Aulehla and Johnson, 1999; Forsberg et al., 1998; Jiang et al., 2000; Jouve et al., 2000; McGrew et al., 1998; Palmeirim et al., 1997) . Somites are subdivided into cranial and caudal halves, which differ in gene expression patterns and functional properties (Keynes and Stern, 1984; Keynes and Stern, 1988) . This subdivision is essential for the restricted migration of neural crest cell migration through the cranial halves of somites (Bronner-Fraser, 2000) and for the maintenance of somite borders (Hrabé de Angelis et al., 1997) .
Notch signalling is essential for somite formation and patterning. Disruption of Notch signaling in loss-of-function and gain-of-function experiments leads to severe defects in anterior-posterior somite compartmentalisation and border formation (Evrard et al., 1998; Hrabé de Angelis et al., 1997; Jen et al., 1997 Jen et al., , 1999 Kusumi et al., 1998; Sparrow et al., 1998; Takke and Campos-Ortega, 1999; Zhang and Gridley, 1998; Zhang et al., 2002) , and mutations in some Notch pathway components which lead to defects in somitogenesis also affect the expression of cyclic genes (del Barco Barrantes et al., 1999; Dunwoodie et al., 2002; Jiang et al., 2000; Jouve et al., 2000) . Thus, Notch signalling is tightly linked the segmentation clock and appears to regulate multiple aspects of somite formation and patterning.
Similar to mutations in Notch pathway components, the mouse rib-vertebrae (rv) mutation affects somite formation and patterning. rv is a spontaneous, autosomal recessive mutation in mouse that leads to malformations of the axial skeleton such as split vertebrae and neural arches, and fusions of adjacent segments (Theiler and Varnum, 1985) . During embryonic development, somites are irregular in size and shape, epithelial morphology is disrupted, and anterior-posterior somite patterning is abnormal Nacke et al., Mechanisms of Development 119 (2002) . The abundance and distribution of mRNAs encoding the Notch pathway components Dll1, Dll3, Lfng and Notch1 are altered in the presomitic mesoderm of rv mutant embryos, notably Dll1 and Notch1 are severely downregulated , suggesting that altered Notch signalling might contribute to the somite defects in rv mutant embryos. As a prerequisite for the identification of the rv gene, we have previously mapped rv to the middle portion of mouse chromosome 7 . Here, based on fine genetic mapping and complementation testing we show that the rv mutation affects the T-box transcription factor gene Tbx6. Tbx6 is expressed in presomitic mesoderm (Chapman et al., 1996) and is essential for paraxial mesoderm specification (Chapman and Papaioannou, 1998) . The promoter region of Tbx6 in the genome of rv mice contains an insertion and Tbx6 expression is downregulated in rv mutant embryos suggesting that rv is a regulatory mutation of Tbx6 causing a hypomorphic phenotype.
Results and discussion
Previously, we have localised rv to chromosome 7, and by analysis of 707 meioses placed rv in an approximately 2.5 cM interval between D7Mit358 and D7Mit165 . To further refine the genetic map we increased the number of mice from an intersubspecific backcross including rv with M. musculus castaneus (CAST/Ei) and generated a second backcross including rv with M. musculus molossinus (MOLF/Ei). After refining the critical interval to the region between D7Mit164 and D7Mit165, a total of 2487 meioses was analysed for recombination between rv and these markers. We identified 19 recombinant mice in the CAST/Ei and 32 in the MOLF/Ei backcross, which were further analysed with other Mit markers from the critical region. The locus order and inter-locus distance (in cM standard error) for the rv gene region deduced from our analysis is D7Mit164 1^0.2 rv 0.04^0.04 D7Mit188 1^0.2 D7Mit165 (Fig. 1) . To obtain additional markers and genomic sequence to compare our genetic map with the emerging sequence and physical map of the mouse genome we have isolated BAC clones using D7Mit164 and D7Mit188 as probes and generated sub-libraries from these BACs. Sequencing and data base analysis showed that these BACs contained portions of the Aquaporin 8 (Aqp8; proximal to rv) and Major vault protein (MVP; distal to rv) genes, respectively, and allowed us to define a critical interval of approximately 2.9 Mb containing rv. Genomic sequence from the databases was used to generate additional SSLP markers from this interval and to analyse the DNA of recombinants between D7Mit164 and D7Mit165. This analysis narrowed the rv-containing region down to approximately 255 kb (Fig. 1 ). This region contained approximately 20 genes (ESTs, known genes and gene predictions) including Tbx6, a gene, which was previously shown to be specifically expressed in the presomitic mesoderm and to be required for paraxial mesoderm formation (Chapman et al., 1996; Chapman and Papaioannou, 1998) .
Based on its chromosomal position, embryonic expres- sion, and function during embryogenesis Tbx6 represented an appealing candidate for rv. To directly test whether rv represents a new allele of Tbx6, homozygous rv females were mated to males heterozygous for the Tbx6 null allele, Tbx6 tm1Pa , and embryos were analysed at e12.5 for conspicuous protrusions containing mesenchymal tissue in the distal region of the tail that are characteristic for homozygous rv mutant embryos. 50% of the embryos (8/16) showed these characteristic tail defects ( Fig. 2A (b-e) ) and proved to be double heterozygous for the rv and Tbx6 null alleles by genotyping, whereas the normal embryos were all rv heterozygotes. One litter that was allowed to develop to term contained two stillborns with significantly shortened tails. Normal neonates were all rv heterozygotes but the stillborns were double heterozygotes and had severe malformations of the vertebral column that were very similar to but more severe than in homozygous rv mice ( Fig. 2A (g, h) ). Homozygous rv mice are viable, and vertebral column defects in the proven double heterozygous stillborn were more severe than in homozygous rv newborns. Homozygous embryos carrying the null allele of Tbx6 are embryonic lethal at e10.5. This suggests that rv represents a hypomorphic allele of Tbx6 (Tbx6 rv ). A hypomorphic allele could be due to a mutation in the coding region affecting Tbx6 protein function, or to alterations that affect Tbx6 transcription. To test whether mutations in the coding region of Tbx6 could account for the rv phenotype the Tbx6 cDNA was cloned from homozygous rv mRNA and sequenced. No mutations affecting the deduced amino acid sequence were detected in overlapping clones spanning the whole Tbx6 cDNA (data not shown). Transcript levels and distribution were analysed by whole- Fig. 2 . Complementation test and Tbx6 expression in rv mutant embryos. (A) tail (a-e) and skeletal phenotypes (f-h), respectively, of wild type (a, f) homozygous rv/rv (b, c, g) and Tbx6/rv (d, e, h) e12.5 embryos and newborn mice. Tbx6/rv double heterozygous embryos show similar to rv/rv embryos conspicuous protrusions and bifurcations in the distal tail (b-e) and similar but more severe vertebral column defects than rv/rv mutants (g, h) such as fusions of the ribs (arrowheads) and neural arches (arrows), and a shortening of the anterior-posterior axis. (B) Whole-mount in situ hybridisation of wild type (a, b) and rv/rv (c, d) e9.5 embryos with a Tbx6 probe. In rv mutant mice Tbx6 expression is variable but consistently lower than in wild type. mount in situ hybridisation. This demonstrated that Tbx6 transcripts were variable and significantly less abundant in rv mutant than in wild type embryos (Fig. 2B) , suggesting that rv is a mutation affecting Tbx6 expression levels.
To detect potential structural alterations in or around the Tbx6 gene in the rv genome: Southern blots were hybridised with various Tbx6 probes. A probe from the 5 0 portion of the gene containing exons 1 and 2 (Fig. 3) detected an RFLP in genomic DNA restricted with SacI alone or with SacI and EcoRI: DNA of four strains of mice wild type for rv showed an approximately 2.1 or 1.7 kb band, respectively, corresponding to the restriction fragment length predicted from the genomic sequence. In contrast, DNA from homozygous rv mice showed approximately 200 bp larger bands with either digest, and in heterozygous mice both bands reflecting the presence of a wild type and a rv-carrying chromosome were detected (Fig. 3A (b) ). In the wild type genome the SacI-EcoRI fragment contains exons 1 and 2, and 1 kb of the upstream region of Tbx6, as well as a portion of the 3 0 -most exon of the next presumed gene (MGC10500) upstream of Tbx6, suggesting an alteration in the promoter region of Tbx6 in rv mutants. To further analyse this potential alteration the promoter region was amplified from wild type and homozygous rv genomic DNA by PCR using primers located upstream of exon 1 and in the 3 0 UTR of MGC10500. Using genomic DNA from four wild type strains as a template, the predicted 1122 bp fragment was obtained. In contrast, with genomic DNA from rv a larger fragment approximately 1300 bp in length was obtained (Fig. 3A (c) , and data not shown). This correlated well with the larger fragment size detected in genomic Southern blot hybridisations and suggested an insertion in the promoter of the Tbx6 gene in rv. Sequence comparison of the wildtype-derived and of the rv-derived cloned PCR products revealed a 182 bp insertion 240 bp upstream of the translational initiation site of Tbx6. This insertion contains part of exon 1, intron 1 and a portion of exon 2 in inverted orientation (Fig. 3B) . Together, our data show that rv is a hypomorphic allele of Tbx6, which results in reduced transcript levels in rib vertebrae mutants, and this is likely to be caused by a rearrangement in the promoter region of the gene. The absence of Tbx6 gives a qualitatively different phenotype than low levels of Tbx6: in the complete absence of Tbx6 neural tubes are formed instead of posterior paraxial mesoderm, whereas with reduced levels of Tbx6 paraxial mesoderm can be specified but its further development is disrupted. This suggests two distinct roles for Tbx6. First, Tbx6 is required for the specification, maintenance or differentiation of posterior paraxial mesoderm and later, for the patterning of the paraxial mesoderm. The expression of various Notch pathway components, notably Notch1 and Delta1, is severely reduced in the presomitic mesoderm, suggesting a thus far unknown role for T-box genes in the regulation of Notch signalling. Since Tbx6 is essential for paraxial mesoderm differentiation and maintenance, and the expression of Notch pathway genes is reduced in Tbx6 rv mutants leading to patterning defects similar to mutants in individual Notch pathway components, it appears that paraxial mesoderm differentiation and paraxial mesoderm patterning are tightly linked by common transcriptional regulators.
Materials and methods

Chromosomal mapping
Rib-vertebrae (rv) arose in C57BL/6 mice and was maintained in our colony on a mixed 129/C57 genetic background. Interspecific backcross animals were generated by mating rv/rv with (rv/rv £ CAST/Ei)F1 and (rv/rv £ MOLF/ Ei)F1 animals, respectively. DNA used for genetic mapping analysis was prepared from spleen or tail biopsy samples, and microsatellite markers (Dietrich et al., 1992) were analysed by PCR essentially as described by (Pavlova et al., 1998) . Chromosome 7 markers used for fine genetic mapping were (in proximal-distal order): D7MIT164, D7MIT188, and D7MIT165. The closest novel SSLP marker proximal to rv was 2kb5 (primers: rv2kb-5_for CAGAAAGGCATAGTCCTGGAAC rv2kb-5_rev TGGTAGTTTGAATAACGATGGC).
Recombination distances were determined with Map Manager v.2.6 (Manly, 1993) .
Skeletal preparation
Skeleton preparations were done as described (Zachgo et al., 1998) . Fig. 3 . Structure of the Tbx6 locus in wild type and the rv genome. (A) Structure of the wild type Tbx6 and neighbouring MGC10500 locus, location of relevant restriction sites, the relevant probe used for Southern blot hybridisations, and the primers to amplify the promoter region of Tbx6 (a). Exons are indicated by black (ORF) and white (non-coding regions) boxes, the probe by a hatched box. The restriction fragments and their approximate length detected by the probe are indicated by black lines below the schematic representation of the locus. The length of the DNA fragment amplified from the promoter region in wild type DNA is indicated. (b) Southern blot hybridisation with the probe indicated in (a) on SacI and SacI/EcoRI digested genomic DNA from two homozygous rv individuals, four different strains of wild type mice, and a heterozygous rv mouse, respectively. In all wild type DNAs a band of the expected size was detected whereas in homozygous rv DNA the detected DNA fragments were approximately 200 bp larger with both digests. In DNA from heterozygous rv mice both bands were present. (c) Ethidiumbromide stained agarose gel after electrophoresis of PCR products obtained with wild type and rv mutant genomic DNAs as templates. In the wild type DNAs the expected fragment of 1122 bp was obtained whereas a larger fragment was obtained with DNA from homozygous rv mice. DNA from heterozygous rv mice gave rise to both PCR products. (B) Sequence of part of the Tbx6 promoter region and exons 1 and 2 in wild type and rv, and schematic representation of the inverted duplication and insertion into the promoter region of a portion of the Tbx6 gene in the rv mutant genome. The inserted sequence is highlighted in yellow, the portions of exons 1 and 2 indicated by arrows below the sequence. Exons 1 and 2 of the Tbx6 gene are boxed.
Whole-mount in situ-hybridisation
Fixation, hybridisation, and detection of gene expression in e9.5 and e10.5 embryos (day of plug is e0.5) was carried out by using standard procedures with probe concentrations between 10 and 50 ng/ml. Bound digoxigenin-11-dUTP labelled riboprobes were detected with alkaline phosphatase conjugated anti-digoxigenin antibodies (Roche).
Genotyping of Tbx6 tm1Pa
The Tbx6 tm1Pa and wt alleles were distinguished by PCR using the forward primer: GCCAAACTGCGTCCCT-GTCTTAGC and the reverse primer GGGGGTGG-CGGTGCTGTCTC to generate a 550 bp fragment specific for the wt allele, and the same forward primer and the reverse primer GGGCGCCCGGTTCTTTTTGTC to generate a 922 bp fragment indicative of the knockout allele. Amplification conditions were: 30 cycles, annealing at 628C for 30 s, extention at 728C for 60 s. PCR products were separated by agarose gel electophoresis.
Southern blot hybridisation
Southern blotting was performed according to standard protocols. Briefly, 10 mg of genomic DNA was digested over night, with the indicated enzymes. Transfer on nylon membrane (Hybond N 1 , Amersham Pharmacia Biotech) was carried out over night with 10 £ SSC. After DNA crosslinking the blot was pre-incubated for 30 min followed by 4 h of hybridisation, both at 658C, using Rapid-hyb-buffer (Amersham Pharmacia Biotech). Labeling of the probe spanning the region from 305 bp upstream of the putative start of transcription of Tbx6 to 334 bp of Tbx6 in exon 2 was done by random prime labeling (Rediprime TMII, Amersham Pharmacia Biotech) using 32 P-dCTP. Washes were carried out according to the manufactures instructions (2 £ 15 min at room-temperature in 1 £ SSC, 0.1% SDS followed by 2 £ 15 min at 658C in 0.5 £ SSC, 0.1% SDS). Membranes were exposed at 2808C to Hyperfilm-MP (Amersham) with intensifying screens.
3.6. PCR amplification of cDNA and genomic sequences, and cloning of PCR products To analyse sequence of the Tbx6 promoter region, genomic DNA from rv/rv and wild type tissue was isolated. The region 1122 bp upstream of Tbx6 exon 1 was amplified using the primers TCTTGCCTGTCCCATAGATAAG, and TCCCGTTGCTAGAATCCG, and was cloned into pGEM-T Easy Vector. Amplification conditions were: 35 cycles, annealing at 568C for 30 s, extention at 728C for 45 s.
To analyse the cDNA sequence of Tbx6 in rv, total RNA from rv/rv dpc 9.5 embryos was isolated and reverse transcribed, and amplified with Herculase Enhanced DNA polymerase (5 U/ml) (Stratagene) 1 ml dNTP (10 mM) 2 ml Primer (10 mM). Amplification conditions were: for 35 cycles, annealing at 608C (primer pair Tbx6A), 628C (primer pair Tbx6B), 548C (primer pair Tbx6C), 608C (primer pair Tbx6E) for 30 s, and extension at 728C for 45 s. The RT-PCR products were cloned into pGEM-T Easy Vector. Clones obtained from at least three independent PCR reactions were and sequenced (AGOWA, Berlin). Primers used to amplify different regions of the cDNA were:
Tbx6A-L: CACAAGGCCAGAAGAAACTACA; Tbx6A-R: ATTCCTTCCACAGTTCCTGGTT; Tbx6B-L: CGCTACCCTGATTTGGATACTTC; Tbx6B-R: GCTCCCTCTTACAGTTTCTGC; Tbx6C-L: CCTCCTTCCGATTTCCTGAGAC; Tbx6C-R: AGATGGCATAGGGTTACTACACCG; Tbx6E-L: GGTGGGGACATTCGGG; Tbx6E-R: GCATGGCTTGCACTAGTAACAAG.
